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Abstract. This paper shows a comparison about dynamic behaVia rotating shaft when it

Is suspended by 4-axis radial active magnetic lmgpsiystem. The active magnetic suspension
is obtained by two different controllers which rieal the robust stability and robust
performance. The control systems used argynthesis and loop shaping design pohoe.

Each of these controllers is characterized by foyut and four output signals and the
introduction of uncertainties on displacement gaimd current gain is justified by the simple
fact that during the time the component which atutsts these gains can be subjected to torn
and worn which can lead the entire system to inktalphenomena. The inputs are the
feedbacks of four displacement components rel&ivbe four axis of radial active magnetic
bearing while the outputs are the control curremected in the plant in order to provide the
control of position of two section under the moriitg of ideal sensors. An ideal sensor here
IS meant to be able to capture small displacemeamd without presence of noise. The
advantages of a four input controller is the absentvelocity components which are present
in the state vector such that no observer and sgeadors are need to build a feedback. The
comparison of the performances is made throughrtneduction of same weighting function
for the two control system. The weighting functians introduced in order to define the
required performances for the position and contsajnals. The results are produced by
simulations tracking of reference and disturbanegection are tested in order to provide
elements useful to implement the goal of this pafkesimulations and results are performed
by MATLab.

Sommario. Questo lavoro mostra un confronto sul comportameahibamico di un albero
rotante quando e sospeso da un sistema di cusamagnetici attivi radiali. La sospensione
magnetica attiva & ottenuto con due diversi cofdgrathe realizzano la stabilita robusta e la
prestazione robusta. I sistemi di controllo utidnz sSono:
p-synthesis and loop shaping design prhae. Ciascuno di questi controller € caratterizzato

da quattro ingressi e quattro segnali di uscitantfoduzione di incertezze sul guadagno di
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spostamento e guadagno di corrente e giustificalasdmplice fatto che, durante il tempo, il
componente che costituisce questi vantaggi putreessgtoposto a usura che puo portare
I'intero sistema a fenomeni di instabilita. Gli negsi sono le retroazioni delle quattro
componenti di spostamento rispetto ai quattro aksicuscinetto magnetico attivo mentre
l'uscita e la corrente di controllo iniettata néftipianto per fornire il controllo di posizione di
due sezioni sotto il monitoraggio di sensori idedlin sensore ideale qui € inteso come
capace di catturare piccoli spostamenti in assetizaumore. | vantaggi di un controllore a
quattro ingressi € l'assenza di componenti di idogel vettore di stato in modo che nessun
osservatore e nessun sensore velocita sono necessatostruire un feedback. Il confronto
delle prestazioni € realizzato attraverso l'intratine della stessa funzione peso per i due
sistemi di controllo. Le funzioni peso sono intritd@l fine di definire le prestazioni richieste
per la posizione e i segnali di controllo. | risatit sono prodotti da simulazioni tracciamento
di riferimento e reiezione ai disturbi testate pirnire elementi utili per raggiungere
I'obiettivo di questo lavoro. Tutte le simulazienirisultati sono eseguite con MATLAB.

1 INTRODUCTION

Active Magnetic Bearings (AMBSs) are capable of atlng the force applied to the supported
structure (typically a rotor) within a limited anitplde and bandwidth. Equipped with position
sensors and a feedback controller, AMBs can imttagebehavior of physical systems such as
a spring damper suspension or more complex stegtwhich are able to suspend flexible
rotors. Control theory provides numerous tools ésigh such controllers with the desired
properties and performance. However, most of thass require a plant model and relatively
precise knowledge of the AMBs, sensors and the.r&o called robust controllers tolerate
model inaccuracies, torn and worn of the physicahgonent until a certain margin. A
stabilizing controller is necessary to establistité&ion [1], so that some parameters are
necessary such as the current and stiffness gmingrder to get these data a linearized
technique is required. In this case the commonbgdusearized model for active magnetic
bearing systems describes the plant adequatelyeTikeanother technique which allows
obtaining the stiffness and current gains, for eplanioesch et al. [2] proposed a way to
acquire rotor parameters and a stabilizing comrolly a simple experiment, which still
requires knowledge of some bearing parameters. ddstHor online tuning of a given,
stabilizing controller to meet the required perfamoe have been presented in [3], [4]. The
entire start-up configuration and tuning could leoemated when combined with this new
method.

Obviously there are many control systems which able to maintain the operating point
position of a rotating system such as the integraft@ PID controller [5]; some other control
system needs the entire state vector to creatdettdback such as the optimal control
characterized by a matrix whose number of columegisal to the dimension of state vector.
The cutting edge of control systems is represebted-synthesis and loop shaping design
procedure The reason is not only to recover theabipg point position without integrator but
also the possibility to avoid the use of some sengocapture further components belonging
to the state vector, a problem that usually is ehby the introduction of observers.
Advantages derived by using robust control is thesfbility to control the system in presence
of dynamic perturbation, lacking of modeled dynameglected nonlinearities, effects of
reduced-order models, system-parameter variatientdwenvironmental changes, hysteresis,
torn and worn factors. Moreover it is used alsthim case of presence of sensor and actuator
noise. Due to high surface speed and active com@phbilities, radial active magnetic
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bearings hold great promise for high speed macisipindles [7]. The control problem
posed by this application is examined and the dgweént of an advanced prototype is
reviewed. A pu-synthesis framework is proposed fos problem and it is shown that the
minimization of the susceptibility to machining tfea may be easily put into this framework.
In addition to handling uncertainties in sensor antiator components, this formulation may
also include an uncertainty representing the rafigatting tools for the spindle.

The proposed control algorithms are developed uysHagalysis to obtain robust stability and
robust performance in simulation of the investigatiIn simulations work, two different
active suspension control algorithms are used.niilai approach is applied in [8] where a
comparison between different controllers is perfednmn order to analyze the differences on
the dynamic behavior. Many other applications dfust control are performed through loop-
shaping design procedure such [9] were an ddntroller was performed by evolution
optimization to control a robot arm. The loop singpimethod is commonly used also to
obtain tradeoffs of robust stability and robustfpenance. This technique is a particular
optimization problem to guarantee closed loop $tgfat all frequencies.

2 MATHEMATICAL MODEL

Particular configuration shown in this work cons&l@ rotor with four degree of freedom
with eight poles for each radial active magnetiarbyay, having a slope of 45° with regard to
horizontal direction so that the force’s resultampports the rotor along tixeandy direction
though their resultant. In the flexible configuoatithe system is studied according to lumped
parameters:

B A
ummal unun|

Fig.1:Schematic view of 4-axis rotating shaft supgd by
two radial radial active magnetic bearings withsses.

The system is subjected to a state of uncertaibtyutacurrent and displacement gains
respectively k and k by the parametersdk(xy)(m and5K in the range

(x,y)(AB) (ix,iy)(A,B) ix,iy)( A B)

andP

Kix.y)(AB) KA B

following expression by considering the lumped peeters:

. The equations of motion are referred to both @lkaandy and it has the

Mg (t)+(QG +C)q (t) +Ka (t) =B £ (. (t)a ,(t)) (1)

By introducing a transformation of coordinates irmadal truncation (2) which lead the
system to modal coordinates, the system is analgeeording the equation of motion (3):

1
q(t)=M 2Pr(t)M, =P ™M Yiam Y% P M "BGw 2 )
ap(t)=Cna(t) K, =PT™M V&M Yo p v ~1Em ~V2

MF(£)+(Q5, +C, ¥ ()4 1 ()P M 8 £i(. (th , (1) 3)

Meccanica dei Materiali e delle Strutture | 3 (2012), 4, PP. 18-25 20



G. Barbaraci, G. Virzi’ Mariotti

or rather the sum of the nominal value and the aicgies contributes. The introduction of
uncertainties on mass, transverse and polar moofanertia is justified by the simple fact
that in many publications usually the uncertaintredisplacement gain and in current gain is
used. This is not so correct due to the fact these¢ parameters are carried out by a precise
calculation called Taylor's series expansion sagehae not uncertainties about this ancient
calculation. Since the second principle of mechamiates the force to the mass and
acceleration, it is more justified to introduce tngcertainties on mass, transverse and polar
moment of inertia in order to cover the differetetween the linear and non linear pattern of
force produced by magnets versus control currehis @iscrepancy is assumed equals to a
certain range meant in percentage.

The magnetic force, produced by radial active magtearings, is linearized by Taylor’s
series expansion which leads to the expressioneofarce (4), [5],[6]:

flic(t)an(t) =K & oft) K i ([t) (4)
where

kooy(AB) = Kx (A B(1+ Ph yan O koynn) = Koxx ABTAK Xy mB

Kix,y)(a.B) = Kixiy)(AB) (1+ Plamins© lsix,iyxA,m) = KixincaptAKixin(an

(5)
The last expression leads to the matrix formulation

KS:KS-FK_B IgA }g

7 (5a)
Ky =K +K Py A,

3 CONTROLLER

In order to provide a stabilizing effect to conttbe position of the rotor, a suitable control
system must be performed because no magnetictienitean be stabilized without controller

[1] [4]. Here two different controllers are perfoeoh or rather loop shaping design and u-
synthesis robust control by making the assump®ym(the mathematical model (7);

T

Xl(t):[rxA(t) Nalt) ryalt) ryet )]T’Xz(t):[r' k) k) Tyk) vk )]

0(sensor=[Crme [ (1) KB ()] Yamplt) =1 1)

(6)

For all kind of robust control systems performedthis paper, a state space equation in a
package form is built as in (7). Usually a rotoppgarted by radial active magnetic bearing
needs to reach some desired performances thateapzilted by weighting functions. The
weighting functions introduced in the plant areatieke to position and control signal
performances in order to impose limits in the correalue and maximum displacement of
each rotor’s section. The block schemes are showtha figure 2 with the introduction of
weighting functions;
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Fig.2:Block schemes of plant with the introductiafrweighting functions as further outputs.

where G

mds

(7)

is the nominal plant meant without uncertaintiésijs the controller,d the

disturbancesg, and g, the output of weighting function with regard thesption and control
signal respectively. The presence of weighting flens produces an increase of state vector’'s

variables so that the new plant is P as showrgurdi 3;

All controller used in this paper are characterizgd a common concept or rather the
robustness. The closed-loop system achieves raipaisility if it is internally stable for all

possible plant model§ = F(G,4s4). In the present case this means that the systest mu

remain stable for any value OVL

XY AB)(xiy)(AB)

r=0 h Rk

Fig.3:Block schemes of plant showing the new plant.

Since that weighting functions are introduced ideorto provide some characteristics on the

system’s output the robust performance criterigrig@troduced for allG = F(G454);

-1
W, (1+GK
W, K(1+GK)
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4  RESULTS, SIMULATIONS AND DISCUSSION
The simulations are performed by considering tha dantained in the table I:

Table 1: Data for simulation

Symbol Description S.I.

m mass of rotor 2.3Kg
Ip polar moment of inertia 8x1074Kg [m?
I+ transverse moment of inertia gy 102 Kg [m?
R m uncertainties percentage 10%
k(xvy)(AB)’k(lx‘IY)(AB)

o - range of uncertainties -
k(X‘y)(AB)'k(\x.iy)(AB) g [ 1’]]

K nominal displacement gain

k(x, WAB) p g 14400(N /m

E(ix V) (AB) nominal current gain 38N /A

Another set of data are referred to the transfection introduced in the plant of our system.
Some authors introduce scalar weighting function®rder to describe a certain constant
value they want to obtain as a particular outpigufes 4 and 5 show the frequency response
of weighting function with regard to the displacetheerformances in order to analyze the
sensitivity function or the disturbances can affidet dynamic response of the system. In the
figure 4 is shown the sensitivity function for tlep shaping controller design and we can
see that the system has a good attenuation ofrlosstoes until a certain value of frequency

equals t02x10° and 3x10°rad/s according to controlled axis. In the figurepSsynthesis
exhibits an excessive response which goes ovetintbefor the entire range of frequency
shown by weighting function which is representedabgontinuous line. In the same figure
only two of four axis or rather the axes of bearidj lay at the limit of the weighting
function plot, this means that for the bearing ‘thé effect of the disturbances on plant is not
attenuated efficiently. Figure 6 and 7 show respelst that robust stability for the p-
synthesis that is not maintained for all valuedrefjuencies and such variable behavior is
maintained also for the performances analysis (figlre) in fact, some range of frequencies
are characterized by the condition u<1 while LSBRBhle to do taht for a more large range of
frequency. According to the figure 8 and 9, thelgtaf disturbances rejection and reference’s
tracking is performed. It is done for all studiedntrollers. In the figure 8 and 9 the
disturbance rejection and reference’s tracking test performed according a simulation
characterized by a range of time of sixty seconu$ @n injection signal built as a square
wave with a period of Z0and amplitude of Ifm.

CLOSED-LOOP SENSITIVITY FUNCTION at 1500rad/s

ECEOIHE-ECIHE—EERRE-EERT A

HIE — = FIFIHIE - Fl3H
= FlHHE — e
Pvsedemededode LU oo Ll L LLLL

I= =+ HI= &
I o

b == H+IHIE — = FIHHIE = E I = F
A TR = 1= ST~ = T T ST e
PUTUIL _Z LI L LI L L

IFIRIF = FIFHFE = FFFF—

BESEEZEESEEZE il T ot 1l el e il el et e il el el e 1 el i i A R 1

,,,,,,,,,,, AE-EEFHRE=-FEEIFH oo for [T OTImr T I TITT T DT T r CITITT T Or T

10 1 \\HHHU 1 \\HHHl 1 \\HHH‘ 1 \HH‘J BA 1021 1 \\HHHD 1 \\HHHl 1 HHHH; 1 \\HHHJ 1 \HHHA

© *© © Frequency (raa/se:)m o *© 10 © ° Frequency 1lad/>ec)l 1 0
Fig.4:Sensitivity function with LSDP controller. Fig.5:Sensitivity function with p-synsie controller.
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All implemented controllers are capable to supploet requirements to reject the disturbance
and follow the reference, but they do it in a déf® manner according to the controllers.
Their dynamic behavior is typical of damped systwwirere a certain overshoot’s value is
present and different according to the controll@fse loop-shaping controller provides good
performance for the disturbance rejection due ® ghort period to extinct the transient
response and small overshoot’'s value if comparehl thiose offered by p-Synthesis. In the
figure 9 has been shown the reference’s trackimgisitions. The input signals, to analyze the
dynamic behavior of the system, are the same #@rdikturbance rejection one, but in this
case the position of each suspended section mlstvfthe reference input, because the
system must be able to adapt itself at every diswedition required by the user. Also in this
case U-Synthesis have the same dynamic behavioloapeshaping exhibits a more ready
response due to the short settling time and srmalishoot.

(dashed) ROBUST STABILITY

- r

B — 71— —

10 10
Frequency (radls) Frequency (radls)

Fig.6: Robust stability, nominal and robust Fig.7: Robust stabilityminal and robust
performance with LSDP controller. performance with p-Syagis

Frequency (rads)

4  CONCLUSIONS

Comparison by two different control systems is ok a suspended rotor with flexible

configuration by radial active magnetic bearinghe Tcomparison shows that loop-shaping
design procedure provides the best performancdintonate the disturbances and to follow

the reference’s signal. This performances in teahslisplacement and transient response
must be referred to a mathematical results in teofgi-value, in fact, the presence of
weighting function lead both controllers to assuime dynamic behavior shown in the plot.

Loop shaping design controller eliminates the tiemtsresponse more fast than exhibited by
p-Synthesis but both controller are able to reasypmptotic stability to the exogenous

excitation such as disturbances and referencekit@g test.
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Fig.8: Disturbance rejection test at 1500s. Fig.9: Reference tragkiest at 1500 rad/s.
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During the transient response loop shaping comeirdibs a short time response and short
settling time to reach stable position and it iareleterized by only one oscillation while the
p-Synthesis looks like to have less damping efteat leads it to show more oscillations
during transient response. In the future develogntée use of uncertainties will be
performed ina stochastc way by the equivalenthsttstic linearization in order to carried out
the profermance of the controller correspondindifferent procedure of linearization

REFERENCES

[1] G. Schweitzer, H. Bleuler and A. Traxler, “Act Magnetic Bearings”, vdf
Hochschulverlag, Zurich AG, 1994.

[2] F. Loesch and Ph. Buehler, “Identification amdomated controller design for rigid rotor
AMB systems.” Proceedings of the 7th InternatioBgmposium on Magnetic Bearings,
ETH Zurigo, pp 57-62, 2000.

[3] L. Li. “On-line tuning of AMB controllers usig genetic algorithms,” Proceedings of the
6th International Symposium on Magnetic Bearingegést 5-7, 1998, Massachusetts
Institute of Technology, Cambridge, MassachusEl&A, 372-379, 1998.

[4] P. Schroder, B. Green, N. Grum and P.J. Flgmii®n-line genetic Auto-tuning of
magnetic bearing controllers,” Proceedings of thk Biternational Symposium on
Magnetic Bearings, August 5-7, 1998, Massachusétistitute of Technology,
Cambridge, Massachusetts, USA 321-330, 1998.

[5] G. Barbaraci, A.H. Pesch, J.T. Sawicki, “Expeental Investigations of Minimum
Power Consumption Optimal Control for Variable Spéenb Rotor”. In Proceedings of
the ASME 2010 International Mechanical Engineeri@pngress & Exposition
IMECE2010 (pp.1-10). Vancouver, British Columbia.

[6] G. Barbaraci, G. Virzi’ Mariotti, “Controllo Saottimo per un Albero Rotante in
Levitazione Magnetica Attiva”, XXXVIII convegno namnale AIAS, 9-11 Settembre
2009, Torino, ltaly.

[7] C.R. Knospe, R.L. Fittro, “Control of a High &pgd Machining Spindle via p-Synthesis”,
Proceedings of the 1997 IEEE International Confezeron Control Applications
Hartford, CT, October 5-7, 1997.

[8] J.D. Wu, J.H. LinImplementation of an active vibration controllesrfgear-set shaft
using p-analysis”, Journal of Sound and Vibrati8a 22005) 1037-1055.

[9] S. Kaitwanidvilai, M. Parnichkun, “Design of r@ttured Controller Satisfying HLoop
Shaping using Evolutionary Optimization: Applicatido a Pneumatic Robot Arm”,
Engineering Letters, 16:2, EL_16_2 03, 2003.

Meccanica dei Materiali e delle Strutture | 3 (2012), 4, PP. 18-25 25



